A B S T R A C T Direct actions of insulin on gonadal tissues have been difficult to demonstrate in vivo. We have developed an in vitro system in which swine ovarian cells remain highly responsive to trophic actions of insulin. Purified porcine insulin significantly augmented the biosynthesis and secretion of progesterone by cultured granulosa cells. These stimulatory actions of insulin were dose-and time-dependent and saturable. Under serum-restricted conditions, insulin also significantly amplified the capacity of estradiol and 8-bromo cyclic AMP to stimulate progesterone production. Inhibitors of protein and RNA synthesis (cycloheximide, actinomycin D, and alpha-amanatin) inhibited insulin action. The stimulation of progesterone production by insulin was attributable to increased biosynthesis of pregnenolone, rather than diminished catabolism of progesterone to its principal metabolite, 20a-hydroxypregn-4-en-3-one. Insulin also enhanced progesterone production in the presence of a soluble sterol substrate, 5-cholesten-3j3,25-diol, which readily gains access to the mitochondrial cholesterol side-chain cleavage system. Moreover, exposure of granulosa cells to insulin produced a three-to sevenfold increase in mitochondrial content of cytochrome P-450 measured by difference spectroscopy, with a corresponding increase in mitochondrial cholesterol side-chain cleavage activity.
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The capacity of insulin to facilitate progesterone biosynthesis by ovarian cells was mimicked by the insulinlike somatomedin, multiplication stimulating activity, but not by epidermal growth factor, fibroblast growth factor, or porcine relaxin. Insulin's augmentation of progesterone production reflected a selective action on progestin biosynthesis, since insulin significantly suppressed estrogen biosynthesis by granulosa cells.
Thus, our investigations indicate that insulin acts on ovarian cells selectively to stimulate pregnenolone (but not estrogen) biosynthesis. The actions of insulin are exerted by processes that require protein and RNA synthesis, and by mechanisms that augment mitochondrial cytochrome P-450 content and facilitate the utilization of cholesterol in the side-chain cleavage INTRODUCTION Hypogonadism is a recognized sequela of insulinopenic diabetes mellitus in experimental animals and man (1) (2) (3) (4) (5) (6) . For example, men with diabetes mellitus exhibit reproductive impairment and impotence, children manifest delayed puberty, and women have an increased prevalence of anovulation, menstrual irregularity, and infertility (4) (5) (6) (7) (8) (9) (10) . Presumptive abnormalities of both pituitary and gonadal function have been described in vivo (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . However, the interpretation of these observations is limited by confounding influences of weight loss, protein catabolism, hyperglycemia, gonadal vasculopathy, and homeostatic responses of the pituitary-gonadal and adrenal axes in intact animals (15) (16) (17) (18) (19) (20) (21) (22) . Moreover, precise cellular or biochemical alterations responsible for gonadal dysfunction in diabetes mellitus have not been delineated.
In an effort to characterize direct effects of insulin on gonadal tissues, investigators have recently studied the actions of this hormone on isolated pituitary and gonadal cells (23) (24) (25) (26) . Such studies have revealed specific insulin binding sites on both testicular and ovarian cells (27, 28) . Moreover, gonadal insulin receptors seem to be functionally coupled to cellular responses, since insulin alters cellular morphology, and augments steroid hormone production by cultured rodent testicular cells, and rat or bovine ovarian cells (24, 25, 29, 30) .
In the present work, we have investigated insulin action using a monolayer culture system of swine ovarian cells that remain highly responsive to insulin's trophic effects. This culture system has permitted us to define some of the biochemical mechanisms of insulin action on the mammalian ovary.
METHODS
Cell cultures. Swine granulosa cells were aspirated aseptically from 1-3-mm follicles of immature porcine ovaries, as previously described (31, 32) . Cells were separated from follicular fluid by centrifugation in Eagle's minimum essential medium, and enumerated in a hemocytometer using phase-contrast optics. Cell viability was determined by exclusion of trypan blue. Monolayer cultures were established with 1 X 106 granulosa cells/cm2 in medium consisting of 1 ml bicarbonate-buffered Eagle's minimum essential medium (Gibco Laboratories, Grand Island, NY), with or without the designated concentration of fetal calf serum (31, 32) . Cultures were maintained at 37°C in a humidified mixture of 95% air/5% CO2 for varying intervals. Except in certain time course experiments, spent media were removed every 48 h and replenished with fresh media containing hormones. In some experiments, cells were harvested mechanically into 100% ethanol for the subsequent assay of progesterone (33) . In other experiments, cells were enumerated on a cultureby-culture basis after harvesting by trypsinization (0.25% trypsin for 20 min at 23°C) to determine cell density by electronic (Coulter Electronics, Inc., Hialeah, FL) particle counting (32) .
Analytical methods
Preparation of mitochondrialfractions. Cell pellets from three (10 cm) culture plates were pooled after thawing and homogenized in 1 ml of the buffered medium described by Toaff et al. (34) using a small glass vessel and teflon pestle. The homogenates were centrifuged at 500 g for 10 min and the supernatants collected and centrifuged at 5,000 g for 10 min to prepare mitochondrial pellets. The pellets were suspended in a small volume of incubation medium consisting of 0.2 M sucrose, 0.2 mM EDTA, 20 mM KCI, 5 mM MgCl2, 10 mM KH2PO4, and 25 mM Tris-HCl, pH 7.4. Aliquots were then taken for quantitation of cytochrome P-450 or cholesterol side-chain cleavage activity.
Quantitation of cytochrome P-450. Cytochrome P-450 was quantitated in the mitochondrial suspensions by the method of Omura and Saito (35) from the carbon monoxide anaerobic minus the anaerobic difference spectrum using an Aminco DW-2A dual wave length, split beam spectrophotometer. An extinction coefficient of 91 cm-l mm-' was used to calculate the cytochrome P-450 content from the absorbancy change between 450 and 490 nm.
Assay of cholesterol side-chain cleavage activity. Assays were carried out by a modification of the method of Toaff et al. (34) . Aliquots of the mitochondrial preparations ("60 ug protein) were incubated in 1 ml of incubation medium containing 1 mM NADPH and 25 ug/ml 25-OH-cholesterol (Steraloids, Wilton, NH). Incubations were initiated after a zero-time sample was collected and were terminated after 10 min by addition of 0.3 NaOH as described by Toaff et al. (34, 36) . Preliminary studies revealed that these incubation conditions were optimal for assay of cholesterol sidechain cleavage activity. Activity is expressed as nanomoles net steroid synthesis (pregnenolone plus progesterone) per milligram protein per minute.
Other methods. The concentration of progesterone in spent medium or cellular extracts was assayed after hexane extraction, using a specific radioimmunoassay with isotopic correction for recovery as previously reported (31) (32) (33) . The cross-reactivity of this antibody with 17,B-estradiol, insulin, cyanoketone, trilostane, or pregnenolone was <0.01%, and with 20a-hydroxpregn-4-en-3-one <3%. Concentrations of estrogen pregnenolone and 20a-hydroxypregn-4-en-3-one were measured by previously validated radioimmunoassays (37 To determine the dose-response of the insulin effect, cells were exposed to increasing concentrations of insulin for 40 h. Insulin elicited dose-dependent and saturable stimulation of total progesterone production (measured in cells combined with medium), as shown in Fig. 3 . At concentrations > 30 ng/ml (-5 nM), insulin increased total progesterone production by at least threefold. This action of insulin was specific in that it could not be mimicked by increasing concentrations of desoctapeptide porcine insulin (Fig. 3) . Moreover, epidermal growth factor, fibroblast growth factor, and highly purified porcine relaxin were inactive (Fig. 4) . Insulin increased both the cell content and the medium concentration of progesterone in a significant manner (P < 0.01; Fig. 4 ). The latter ob-I Abbreviations used in this paper: cscc, cholesterol sidechain cleavage; MSA, multiplication stimulating activity.
servations suggest that the effect of insulin is to stimulate de novo progesterone production, rather than simply promote cellular release of previously synthesized steroid. This inference was confirmed by demonstrating that selective inhibitors of 3f,-hydroxysteroid dehydrogenase, trilostane (150 MM), or cyanoketone (5 ,uM) blocked insulin's stimulatory action by 99.7 and 97%, respectively (total progesterone production measured in cells combined with medium in response to insulin declined from 163±29 ng/48 h to 0.8±0.11 and 4.8±1.6 ng/48 h, respectively).
The stimulatory actions of insulin could not be accounted for by alterations in cell number or protein content, because results from independent experiments (see Fig. 5 ) revealed that insulin stimulated a 24-29-fold increase in progesterone production, whether corrected for cell number, DNA content, or total cellular protein. These data also indicate that in the presence of 1% serum, basal progesterone secretion increased only slightly between days 2, 4, and 6 in culture. However, peak progesterone output in response to insulin increased markedly. Thus, insulin does not simply maintain progesterone production, but substantially augments steroid outpuit. acid-insoluble material in these cells by >95 and >85%, respectively (42) . Thus, we infer that continued protein synthesis and initial RNA synthesis are required for insulin's augmentation of progesterone production by ovarian cells.
Since estradiol and gonadotropic hormones (the latter presumably acting through the intracellular mediation of cAMP) are two major physiological regulators of progesterone biosynthesis, we assessed the capacity of insulin to augment the stimulatory actions of estradiol or a potent stable analogue of cAMP, 8-bromo cAMP. Combined treatment with estradiol and insulin synergistically increased progesterone production measured in cells combined with medium (Fig.  7 A) . In this experiment, cultures were maintained for 4 d in order to demonstrate the stimulatory action of estradiol. In addition, insulin significantly amplified the dose-dependent stimuilatory effects of 8-bromo cAMP assessed after 44 h (Fig. 7 B) .
To examine further the mechanisms by which insulin stimulates the production of progesterone, we determined whether insulin treatment inhibits catabolism of progesterone to the principal progestin metabolite, 20a-hydroxypregn-4-en-3-one. Insulin treat- Serum Concentration 1%I FIGURE Table I . Insulin increased cytochrome P-450 content sevenifold, and cholesterol side-chain cleavage activity fivefold. In a second experiment, insulin increased granulosa-cell cytochrome P-450 content from 0.33 (±0.12) to 1.12 (±0.18) nmol/mg protein (means±range for duplicate sets of cultures), and increased the rate of cholesterol side-chain cleavage (csec) 3.7-fold. These observations provide direct evidence that insulin increases the cytochrome P-450,.C content of granulosa cells.
To assess the influence of increased glucose availability on progesterone production by granulosa cells, FIGURE 3 Dose-responsive stimulation of granulosa-cell progesterone production. Cultures of pig granulosa cells were treated with highly purified porcine insulin (upper solid curve) for 40 serum-free monolayer cultures were maintained in the presence or absence of a maximally stimulating concentration of insulin (1 Mg/ml), with increasing medium concentrations of glucose, as follows: 100, 200, 300, 400, and 500 mg/dl. As indicated in Table II , high medium concentrations of glucose could only partially mimic the facilitative effect of insulin on progesterone production. The maximal stimulatory effect of glucose alone was fourfold and occurred at glucose concentrations of 400 and 500 mg/dl (P < 0.01 vs. basal). In contrast, 500 mg/dl of a nonmetabolizable sugar, mannitol, was devoid of effect (not shown). The results further indicate that insulin possesses an even more pronounced effect than glucose per se. As Table  II indicates, there is an eightfold stimulatory effect of insulin, which clearly cannot be accounted for solely by increased utilization of glucose per se.
The insulinlike growth factor, MSA, which is present in high concentrations in the ovarian follicle (see Discussion), was remarkably effective in stimulating progesterone production (Fig. 9) . The stimulatory effects of MSA were observed at significantly (P < 0.001) lower concentrations than that of insulin.
The selectivity of insulin's effect on the progestin pathway is indicated by the suppressive effect of insulin on estrogen biosynthesis (Table III) . DISCUSSION These studies demonstrate that insulin selectively enhances the biosynthesis and secretion of progesterone by swine granulosa cells in vitro. Insulin augments progesterone production, whether corrected per granulosa cell, per microgram DNA, or per microgram cellular protein. These results are concordant with the recent description of insulin-binding sites on swine granulosa cells, and with prior reports that insulin can facilitate steroid production by gonadal cells (24, 25, (28) (29) (30) . The more striking responsivity (>20-fold stimulation) to insulin that is attainable in the present swine granulosa-cell system may reflect, in part, our restriction of serum supplementation, and our use of tissueculture medium devoid of cysteine. Supplementation with serum has recently been shown to impede the expression of differentiated function by cultured gonadal cells (44) and the presence of cysteine seems to accelerate insulin degradation in vitro (45) .
Our results indicate that one facet of the mechanism of insulin's trophic effect in granulosa cells may be to increase glucose utilization, but that increased glucose utilization can account only partially for the stimulatory action of insulin on progesterone biosynthesis by granulosa cells. The time course of insulin action and the susceptibility of insulin's effects to inhibitors of protein and RNA synthesis, suggest that insulin exerts important facilitative or trophic effects on one or more steps in the steroidogenic pathway of ovarian cells. This inference is congruent with the capacity of insulin to augment granulosa-cell production of progesterone, as well as its precursor, pregnenolone, and progesterone's major metabolite, 20a-hydroxypregn- distinctly separable initial mechanisms (46, 47) , but their distal intracellular effects seem to converge in the concerted stimulation of pregnenolone and progester- The present studies provide several significant and complementary lines of evidence that major actions of insulin are exerted at the level of the mitochondrial cytochrome P-450cscc, the terminal oxidase of the cholesterol side-chain cleavage system that catalyzes the rate-determining step in progestin biosynthesis (48) . First, insulin enhances pregnenolone production from endogenous substrate, when further metabolism of pregnenolone is blocked. Second, insulin increases progesterone production in the presence of an exogenous sterol substrate, 5-cholesten-3,3,25-diol. The access of this cholesterol analogue to the side-chain cleavage reaction is not limiting to steroidogenesis in intact or broken cells (36) . Since insulin enhances progesterone production in the presence of maximally stimulating concentrations of 5-cholesten-313,25-diol, we infer that insulin must act at the level of the side-chain cleavage system. Third, treatment of granulosa cells with insulin significantly increases the mitochondrial content of cytochrome P-450 measured by difference spectroscopy. Fourth, this increase in cytochrome P-450 content is expressed functionally in an actual enhancement of mitochondrial cholesterol side-chain cleavage activity. The requirement for new RNA and protein synthesis for insulin action may well reflect the need to synthesize cytochrome P-450C and other components of the side-chain cleavage system (i.e., adrenodoxin, and adrenodoxin reductase).
In the present studies, significant effects of insulin were observed at concentrations of 10 ng/ml (-1.3 nM) or greater. However, the exact concentrations of insulin used in long-term (48 h) (47) . Furthermore, in maturing follicles, steroidogenesis is closely regulated by estrogen and gonadotropic hormones (46, 47) , the latter presumptively acting through the cAMP effector system (46) . Our in vitro studies indicate that insulin effectively amplifies the stimulatory actions of estradiol and cyclic AMP. Thus, we suggest that insulin may play a critical role in maintaining and enhancing granulosa cell responsivity to physiological stimulators of progesterone biosynthesis in maturing Graafian follicles. On the other hand, we have shown that insulin suppresses estrogen biosynthesis in vitro, which demonstrates the selectivity of insulin action on the progestin pathway.
The stimulatory actions of insulin could not be mimicked by desoctapeptide insulin, epidermal growth factor, fibroblast growth factor, or porcine relaxin. Although specific insulin binding sites have been reported in granulosa cells (28) , the present studies do not prove that insulin works through the classical insulin receptor per se in ovarian cells. Studies by Veldhuis and Hammond (49) and Hammond et al. (50) indicate that granulosa-cell ornithine decarboxylase activity is responsive to certain insulinlike growth factors or somatomedins, such as MSA, which are present in high concentrations (-600 ng/ml [50] ) in pig follicle fluid. Since insulin can bind to somatomedin receptors in various tissues (51), we would suggest the possibilities that: (a) insulin's trophic effects in granulosa cells are exerted via somatomedin receptors rather than insulin receptors, or (b) intraovarian somatomedins in vivo act in a manner similar to that observed for insulin in vitro. In this regard, May and Schomberg (52) have reported that in serum-replete cultures (containing other growth factors) MSA does not replace insulin in its facilitation of progesterone section. However, we have observed potent stimulatory effects of this growth factor in serum-free cultures, which suggests that insulin may act through somatomedin receptors. To test this hypothesis, we believe that more direct probes of the classical insulin receptor or its specific intracellular messengers will ultimately be required.
In summary, insulin selectively stimulates progesterone biosynthesis by granulosa cells. Insulin's actions are exerted via mechanisms that require protein and RNA synthesis to augment mitochondrial cytochrome P-450c,s, activity and, hence, the cell's ability to synthesize pregnenolone. These striking trophic effects of insulin indicate that the ovary must be considered a significant target organ for insulin action. Our in vitro studies may also shed light upon clinical observations in certain hyperinsulinemic states, in which high circulating concentrations of insulin are achieved chronically in association with a marked increase in ovarian steroid-hormone production (53, 54) . In addition, the potent trophic actions of insulin on steroidogenesis permit us to suggest that profound insulinopenia may be linked plausibly to deficient ovarian function reported in poorly controlled diabetes mellitus (55) (56) (57) .
